The agro-food system satisfying human food demand releases heavy nitrogen (N) loads into 2 the environment. The N footprint is an indicator of N loads from individual consumption of 3 food as well as energy. A bottom-up approach called the "N-calculator method" calculates the 4 food N footprint using the N content in consumed foods, such that the N footprint of protein-5 free foods is treated as zero. This method underestimates the N footprint of protein-free foods, 6 such as oil and sugar, when the source crops require N input in production. In this study, we 7 propose a substitution factor, the virtual nitrogen factor for protein-free foods (VNFree), 8 defined as the potential N load per unit weight of consumed food, to explicitly calculate the 9 production N footprint. Oil palm and its products, palm oil (PO) and palm kernel oil (PKO), 10 were chosen for this case study of protein-free foods. Global mean VNFree values of PO and 11 PKO obtained by averaging national-scale data of the three countries with the largest 12 production (Indonesia, Malaysia, and Thailand) were 0.0241 and 0.0037 kg N kg -1 oil, 13 respectively. The 6.5-times difference in VNFree values was attributed to the difference in oil 14 yield. The food N footprint of PO and PKO calculated here represented less than 2% of the 15 previously reported total food N footprints of several countries. However, oil palm products 16 are also used for industry, and the chemical fertilizer consumption for oil palm accounted for 17 only 8-12% of that of all oil and sugar crops. The protein-free N footprint of all these 18
A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1. Introduction 22 The current agro-food system requires chemical nitrogen (N) fertilizer to satisfy human food 23 demand (Erisman et al 2008 , Bouwman et al 2017 . Artificial N fixation using the Haber-Bosch 24 process has contributed to the creation of massive amounts of reactive N (i.e. N chemical 25 species other than inert dinitrogen, N2), most of which is used as chemical fertilizer (Bouwman (USGS 2019) , is now more than double the estimated terrestrial biological N fixation of 28 60 Tg N yr -1 (Fowler et al 2013) . The agro-food system causes a vast amount of reactive N to 29 be released into the environment due to its low full-chain N use efficiency (NUE). Studies 30 suggest that NUEs were approximately 47% in the world crop production over the last three 31 decades (Lassaletta et al 2014) and 5-20% in animal production in 2000 (Bouwman et al 2013 Leip et al 2014). There is serious concern that the increases in anthropogenic N loads to the . 36 The agro-food system's NUE is affected by both food production and food consumption. 37 With regard to food consumption, both food choice and unnecessary protein supply affect the 38 agro-food NUE; the latter corresponds to food loss and protein overconsumption by consumers 39 (Hayashi et al 2018) . Consumer behaviors such as preferring livestock meat with a relatively 40 low NUE (Smil 2002) , increasing food waste/loss, and consuming more food protein than 41 necessary to meet the nutritional demand all lower the NUE. Although food choices arise from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5 The main products of oil palm are palm oil (PO, oil from pulp) and palm kernel oil (PKO, oil 72 from kernel); both are protein-free foods (USDA 2018). These products serve as food such as 73 cooking oil and ingredients in various processed foods but are also used in materials like 74 detergent and as biodiesel (WWF 2016) . Although the present study focused on the food aspect 75 of oil palm products, information on their industrial use is also provided in the Supplementary 76 Information. 
where NF is the food N footprint of item i (kg N capita -1 yr -1 ), NFprod is the food-production N 87 footprint of item i (kg N capita -1 yr -1 ), and NFcons is the food-consumption N footprint of item 88 i (kg N capita -1 yr -1 ). VNF is VNF of item i (kg N kg -1 N), which is defined as the amount of 89 N released into the environment per unit N consumption of item i from its production until just 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 6 inert nature of N2. For example, Rdenit in Japan is estimated to be 32% (Oda and Matsumoto For protein-free foods such as oil and sugar, their VNF values become infinity by definition 104 (figure 1), and the NFprod is therefore expressed as ∞ × 0 and, for practical purposes, is treated 105 as zero. Note that NFcons of protein-free foods can be treated as zero because of its nonexistent 106 N content.
107
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The present study introduces a substitution factor for VNF, the virtual nitrogen factor for 108 protein-free foods (VNFree), to calculate NFprod of protein-free foods. Oil palm products are 109 used as an example. VNFree is defined as the environmental N load from production until just 110 before consumption per unit weight of consumed food (kg N kg -1 food). NFprod using VNFree 111 is expressed as:
where VNFree is the VNFree of item i (kg N kg -1 food) and ConsA is the consumed amount of 114 item i (kg food capita -1 yr -1 ).
115
We aimed to obtain the global mean VNFree values of PO and PKO because most oil palm 116 production is concentrated in three tropical countries (Indonesia, Malaysia, and Thailand) and and PKO. In the present study, a production value (= oil yield × unit oil price) was chosen as 141 the weight because we consider that the total N loss to the environment from each product 142 should be proportional to its economic value. Using the production value as the weight, VNFree 143 values of PO and PKO are obtained as follows:
where VNFreePO and VNFreePKO are the VNFree of PO and PKO, respectively (kg N kg -1 oil);
149
PVPO and PVPKO are the production value of PO and PKO, respectively (e.g. USD ha -1 yr -1 ); 150 and PPO and PPKO are the unit price of PO and PKO, respectively (e.g. USD kg -1 oil). Oil palm is an arboreal crop suitable for the tropics and subtropics. African oil palm (Elaeis 154 guineensis), native to West Africa, is used for large plantations in Southeast Asia (FAO 2002) .
155
Oil palm fruits can be harvested year-round for several decades, although the yield is subject to 156 Page 8 of 23 AUTHOR SUBMITTED MANUSCRIPT -ERL-107122 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and Indonesia accounted for 70% of the world's harvested area and 82% of the fruit production 159 of oil palm in 2014; the fruit production accounted for 86% when including Thailand as the 160 third-largest producer (FAO 2019). Thus, we expect that mean data obtained from these three 161 countries approximate a representative global value.
162 Table 1 shows the primary data used to calculate each term in Eqs. (3) and (4), and table 2 163 lists the calculated terms in Eqs. (3) and (4) data by dividing the total production by the total area harvested for the three countries (FAO 180 2019, USDA 2019). The same data source was used in the calculation (i.e. FAO production was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 As a global mean, VNFreePO was estimated to be 0.0241 ± 0.0032 kg N kg -1 oil (± SD, n = 64; 211 range, 0.0188-0.0300 kg N kg -1 oil), and VNFreePKO was estimated to be 0.0037 ± 0.0005 kg 212 N kg -1 oil (range, 0.0028-0.0047 kg N kg -1 oil). VNFreePO was 6.5 times larger than VNFreePKO 213 because of the large difference in their yields: 3600-3800 kg oil ha -1 for PO versus 400-430 kg 214 Page 11 of 23 AUTHOR SUBMITTED MANUSCRIPT -ERL-107122 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t oil ha -1 for PKO (table 2) . The price of PKO was 1.3-1.4 times higher than that of PO (table 1) .
215
The term that mostly contributed to Nnew was Nfert, accounting for 76% on average (65-86%; 216 table 2). VNFree decreases as oil yield increases (Eq. 3.1), suggesting that the VNFree values 217 of other oil crops are larger than those of oil palm for several reasons. First, oil palm has the 218 highest oil yield per unit area among oil crops, with yields 5.5-6.2, 7.7-8.8, and 9.7-10.2 times 219 those of rapeseed, sunflower, and soybean, respectively (Basiron 2007 , Thomas et al 2015 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 13 three Southeast Asian countries, 4000-4200 kg oil ha −1 yr −1 (table 2), was higher than these 240 world averages but still lower than the potential yield. In addition, the oil yields in the three 241 countries were in the order Malaysia > Indonesia > Thailand, with values of 4500, 3900, and 242 3100 kg ha −1 yr −1 , respectively. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 14 2018) (table 3) . The food N footprint of oil palm products in these countries ranged from 0.07 260 to 0.18 kg N capita -1 yr -1 , whereas their food N footprint ranged from 8.9 to 32 kg N capita -1 261 yr -1 . Therefore, the food N footprint of oil palm products represented less than 2% of the food 262 N footprint for these countries. Note that the reported N footprints using a bottom-up approach 263 do not include the N footprint of protein-free products like oil palm products. Shindo and 264 Yanagawa (2017), using a top-down approach based on the national and international statistics, 265 estimated that the Japanese food N footprint attributed to oil crops was 0.5 kg N capita -1 yr -1 .
266
The Japanese food N footprint of oil palm products estimated in the present study corresponded 267 to 20% of that, 0.1 kg N capita -1 yr -1 ( Page 14 of 23 AUTHOR SUBMITTED MANUSCRIPT -ERL-107122 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The nitrogen investment factor (NIF) (Leip et al 2014) is a similar factor as VNFree used in the 283 present study. The NIF of a product is calculated by dividing the new N input to production by 284 the product N content. However, the NIF of protein-free products is calculated by substituting 285 the raw crop N content for the product N content, which corresponds to the NUE of the new 286 input N to the harvested crop. When applying the NIF concept to a protein-free product in the 287 N-calculator method, conversion of the final product consumption to raw crop consumption is 288 necessary. The VNFree concept suggested in the present study is advantageous for calculating 289 the N footprint of protein-free products directly if these consumption data are available.
290
The VNFree concept is applicable to several main products used for food and other uses 291 and can be extended to byproducts and recycled materials by consistently using their values 292 (e.g. monetary value in the present study) as the weight to allocate the total N footprint to each 293 product or material. When recycling is costly, that recycled material can have a negative value.
294
However, caution is needed when the main product(s) do not contain N but byproduct(s) and/or 295 recycled material(s) do, as is typical of oil and sugar crops. The current N-calculator method 296 allocates the production N footprint only to products containing N; this implies that protein- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 concern in Latin America and Africa, where oil palm production continues to expand (e.g. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t N content in consumed food. Although this is a logical perspective, it underestimates the N 327 footprint of protein-free foods. To solve this problem, the present study introduced VNFree, the 328 potential N load per unit weight of consumed food. Our methodological recommendation is that 329 VNF of the current N-calculator is used as usual for foods containing protein N, and the VNFree 330 concept suggested in the present study is used for protein-free foods. Using monetary values of 331 products for allocation, the VNFree values of two oil palm products, PO and PKO, were 332 estimated to be 0.0241 and 0.0037 kg N kg -1 oil, respectively. The 6.5 times larger VNFree of 333 PO was ascribed to its higher yield relative to that of PO. The food N footprint of PO and PKO 334 calculated here represented less than 2% of the previously reported food N footprints of several 335 countries. Oil palm products are also widely used for industry, however, and the chemical N 336 fertilizer consumption for oil palm accounted for only 8-12% of that for oil and sugar crops.
337
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